Intestinal metaplasia is a key event in multistep gastric carcinogenesis. CDX2, a master regulator of intestinal phenotype, was shown to play a tumor-suppressive role in colon cancer. However, it was reported to be expressed in nearly all gastric intestinal metaplasia and many gastric cancers. As CDX2 is differentially expressed in normal stomach and intestine, we sought to relate the CDX2 expression to gastrointestinal differentiation along gastric carcinogenesis. The expression of CDX2 protein in gastric intestinal metaplasia, dysplasia and cancer was examined and related to their gastrointestinal differentiation. CDX2 expression was significantly decreased in incomplete intestinal metaplasia, which expresses both gastric mucins (MUC5AC and MUC6) and intestinal mucin (MUC2), compared with complete intestinal metaplasia, which expresses intestinal mucin (MUC2) only. Although incomplete intestinal metaplasia morphologically resembles colon, its CDX2 expression was apparently lower than that in the normal colon. Moreover, CDX2 expression was progressively reduced in gastric dysplasia and cancer. The CDX2 expression in gastric cancer was also inversely correlated with the expression of gastric mucins. As incomplete intestinal metaplasia is associated with higher risk of gastric cancer, its lower CDX2 expression compared with that in complete intestinal metaplasia and normal colon epithelium resolved the current contradiction between the tumor-suppressive role of CDX2 in the colon and the high prevalence of CDX2 in intestinal metaplasia. Further decrease of CDX2 expression in gastric dysplasia and cancer suggests that CDX2 plays a similar anticarcinogenic role in intestinal metaplasia as it does in colon. Intestinal metaplasia or dysplasia with low expression of CDX2 may serve as predictive markers for gastric cancer.
It was proposed by Correa 1 that human gastric carcinogenesis is a multistep process that progresses from chronic gastritis, atrophy, intestinal metaplasia (IM), dysplasia and finally leads to gastric cancer. This model, although challenged by a few, 2,3 is widely accepted, especially for the intestinal type of gastric cancer. 4 IM in the stomach, a key event in gastric carcinogenesis, is the replacement of gastric mucosa by an epithelium that histologically resembles intestinal mucosa. However, IM is present in about 20% of all gastric biopsies 5 and only a minority will progress to gastric cancer. IM is also present in the antrum with duodenal ulcer, which is associated with lower risk of gastric cancer. 6 Thus, the predictive value of IM as a marker for the risk of developing gastric cancer is very low.
IM can be classified into different subtypes by several classification systems. The most widely accepted one is to classify IM into complete type and incomplete type, with the latter carrying a higher risk of gastric cancer. 7 The complete type is characterized by the presence of absorptive cells, Paneth cells and goblet cells secreting sialomucins, similar to the small intestinal phenotype. The incomplete type is characterized by the presence of columnar and goblet cells secreting sialomucins and/or sulphomucins, similar to the colonic phenotype. Using alcian-blue/periodic acid Schiff and high-iron diamine-alcian blue technique, Filipe and Jass 8 classified IM into three subtypes. Type I corresponds to the complete type, while type II and type III were classified from the incomplete type according to the mucins secreted by the columnar cells: sialomucins in type II and sulphomucins in type III. Several studies claimed that only type III of IM is associated with an increased risk of gastric cancer, [9] [10] [11] but other reports cast doubt on it. [12] [13] [14] Different subtypes of IM may coexist in the same foci, and this mosaic pattern complicates efforts at subtyping.
14 CDX2, a caudal-related homeobox transcription factor, is well known for its function in the development and maintenance of intestinal epithelium. In normal adults, CDX2 is expressed in the small and large intestines but not in the stomach and esophagus. Although a recent report showed the increase of CDX2 mRNA and protein in human colorectal cancer, 15 several studies have demonstrated that CDX2 mRNA and protein was reduced or lost in human colorectal cancer. [16] [17] [18] Exogenous CDX2 expression in colon cancer cell lines inhibited the proliferation, invasion and migration of cancer cells while promoting the expression of genes characteristic of mature enterocytes. 19, 20 It was reported that mice doubly heterozygous for APC
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and Cdx2 þ /À develop six times more colonic polyps than their APC
and Cdx2
littermates. 21 Furthermore, the carcinogen azoxymethane induced invasive adenocarcinoma of the distal colon in Cdx2 þ /À mice but not in wild-type littermates.
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CDX2 expression has also been implicated in gastric carcinogenesis. However, the role of CDX2 in gastric carcinogenesis is controversial. Using Cdx2 transgenic mice, two groups have reported that the expression of Cdx2 transformed the gastric mucosa into intestinal metaplastic Mucosa, 23, 24 and in one model it progressed to gastric cancer. 25 Several studies showed CDX2 expression in nearly all IM and many gastric cancers, suggesting that ectopic CDX2 expression is involved in gastric carcinogenesis. [26] [27] [28] [29] [30] It was also reported that the disruption of CDX2 did not affect the tumorigenic potential in a gastric cancer cell line. 31 On the other hand, most of the studies so far have demonstrated that positive CDX2 expression in gastric cancer was significantly correlated with better differentiation and prognosis. [28] [29] [30] 32 Thus, an apparent contradiction exists in the literature. Whereas CDX2 has a tumor-suppressive role in the colon, the stomach shows a high expression of CDX2 in IM, which is considered to be a pre-neoplastic lesion. As CDX2 is physiologically expressed in normal intestine but not in normal stomach, we examined the expression of CDX2 protein in IM, gastric dysplasia and cancer and analyzed the relationship between the CDX2 expression and their gastrointestinal differentiation, using MUC5AC and MUC6 as markers of gastric differentiation and MUC2 as a marker of intestinal differentiation. With a finely tuned staining protocol, we found that CDX2 protein is not evenly expressed in all IM foci, but significantly decreased in incomplete IM compared with complete IM. Although incomplete IM morphologically resembles the colon, its CDX2 expression is significantly lower than that in normal colon. Moreover, the CDX2 expression is progressively reduced in gastric dysplasia and cancer, suggesting that the loss of CDX2 may have similar carcinogenic role in IM as in the colon.
Materials and methods

Patients and Tissue Samples
Surgically resected gastric adenocarcinoma samples and matching noncancerous tissues from 70 patients were obtained from the Department of Pathology and Surgery, National University of Singapore, under a protocol approved by the Institutional Review Board. There were 47 males and 23 females, aged 31-86 years (mean7standard error of the mean, 62.671.6). According to Lauren's classification for gastric adenocarcinoma, 45 cases were of intestinal type and 19 cases of diffuse type. The other six cases of mucinous adenocarcinoma displayed an intestinal-type pattern of infiltration. It was listed as an individual group in this study because of its unique pattern of mucin expression. 29 The 45 cases of intestinal type gastric adenocarcinoma were further classified into well differentiated (14 cases), moderately differentiated (11 cases) and poorly differentiated (20 cases), according to their morphological features.
In the cancer and matching noncancerous tissues of these 70 patients, 38 foci of IM were found in the tissues of 26 cases, including 18 IM foci just beside the cancer in 16 cases and 20 IM foci on the noncancerous tissues in 15 cases.
In addition, surgically resected colon adenocarcinoma samples with matching noncancerous tissues from five patients and 31 gastric dysplasia biopsies from 29 patients were obtained from the Department of Pathology and Surgery, National University of Singapore, under a protocol approved by the Institutional Review Board. The 31 gastric dysplasia biopsies were classified into 15 low-grade dysplasia and 16 high-grade dysplasia by experienced pathologists.
Histochemistry
The samples were fixed with 10% neutral-buffered formalin and embedded in paraffin. Paraffin-embedded samples were serially sectioned at 4 mm and mounted on slides. IM was classified into complete type and incomplete type, using Alcian Blue (pH 2.5)/Periodic Acid-Schiff (AB/PAS) staining (Dako AB/PAS stain system, Dakocytomation, Carpinteria, CA, USA). After deparaffinization and rehydration, the sections were incubated with Alcian Blue pH 2.5 for 30 min, followed by 0.5% periodic acid for 10 min and Schiff solution for 10 min. The sections were then counterstained with modified Mayer's hematoxylin for 5 min, dehydrated with graded ethanols and mounted with coverslip. In complete IM, only goblet cells were stained blue, while in incomplete IM both the goblet cells and the intermediate columnar cells appeared blue.
Immunohistochemistry
After routine deparaffinization and rehydration of the slides, antigen retrieval was done by incubation in modified citrate buffer (target retrieval solution, Dakocytomation, Carpinteria, CA, USA) at 961C for 40 min (for MUC2, MUC5AC, MUC6 and Ki67 antibodies) or at 1211C for 20 min (for CDX2 antibody). The sections were treated with 0.03% hydrogen peroxide for 5 min to block the endogenous peroxidase activity, followed by incubation with anti-CDX2 monoclonal antibody (1:100, Biogenex, San Ramon, CA, USA), anti-MUC2 monoclonal antibody (1:100, Novocastra Laboratories, Newcastle, UK), anti-MUC5AC monoclonal antibody (1:100, Novocastra Laboratories, Newcastle, UK), anti-MUC6 monoclonal antibody (1:100, Novocastra Laboratories, Newcastle, UK) or anti-Ki67 monoclonal antibody (1:100, Dakocytomation, Carpinteria, CA, USA) at room temperature for 1 hour. The sections were then incubated with peroxidaselabeled polymer from Envision þ System-HRP (DAB) kit (Dakocytomation, Carpinteria, CA, USA) at room temperature for 1 h. After development with diaminobenzedine, the sections were counterstained with hematoxylin, dehydrated with graded ethanols and xylene and then mounted with coverslip.
Assessment of Immunostaining in Cancer Cells
At least 10 representative fields under high-power magnification ( Â 400) were chosen and 1000 cancer cells were counted for each section. If the number of cancer cells was less than 1000, then all available cancer cells were counted.
Both qualitative and semiquantitative approaches were used in scoring the staining of MUC2, MUC5AC, MUC6 and CDX2. Samples were classified as positive if 45% tumor cells stained positive and otherwise as negative.
Semiquantitative scores were given as the score of the percentage of positive cells plus the score of the staining intensity. The scoring criteria of the percentage of positive cells were as follows: score 0, 0-5% positive cancer cells; score 1, 6-25% positive cancer cells; score 2, 26-50% positive cancer cells; score 3, 51-75% positive cancer cells; score 4, 76-100% positive cancer cells. The intensity score was given as follows: score 0, no staining; score 1, weak/equivocal staining; score 2, mild staining; score 3, moderate staining; score 4, strong staining. The final scores were from 0 to 8.
Ki67 index was defined as the percentage of Ki-67-positive cancer cells.
Two experienced investigators independently examined the staining while blind to the clinicopathological data. Different scores between the two investigators were observed in o15% of the cases, and a consensus was achieved in all the cases after discussion.
Statistical Analysis
Fisher's exact test or w 2 test was used to calculate the difference of distribution in two or three groups. T-test or one-way ANOVA with Bonferroni test was used to compare the means between the two groups or among the three groups. Differences were assumed to be statistically significant when Po0.05.
Results
The expression of MUC2, MUC5AC, MUC6 and CDX2 in Normal Gastric Mucosa and Intestinal Metaplasia
In normal gastric mucosa, MUC5AC was expressed in the cytoplasm of superficial foveolar epithelium, while MUC6 was expressed in the cytoplasm of mucous neck cells of the body and deeper glands of the antrum. MUC2 and CDX2 are not expressed in normal gastric mucosa (Table 1) .
Thirty-eight foci of IM were classified into 19 foci of complete type and 19 foci of incomplete type by AB/PAS staining. MUC2 was expressed in the cytoplasm of goblet cells in all IM glands. MUC5AC was expressed in the cytoplasm of both goblet cells and columnar cells in incomplete IM, whereas it was expressed in only a few goblet cells but not absorptive cells in complete IM. MUC6 was expressed in both goblet cells and columnar cells, in several deeper glands of incomplete IM but not in complete IM (Figures 1 and 2 , Table 1 ). This is in agreement with previous studies that showed incomplete IM with co-expression of intestinal and gastric mucins, while complete IM with de novo expression of intestinal mucin but decreased expression of gastric mucins. 33, 34 In a few glands within the foci of complete IM, MUC5AC and MUC6 were expressed in both goblet cells and columnar cells and this demonstrated the 'mosaic' pattern of IM subtypes (Figure 2 ).
CDX2 protein was strongly expressed in the nucleus of both goblet cells and absorptive cells in the foci of complete IM (score 8), but it was significantly decreased in the foci of incomplete IM (score B6) (Figure 1) . Furthermore, within the foci of mosaic IM, the CDX2 expression in the glands, which expressed MUC5AC or MUC6, was apparently lower than that in the glands that did not express MUC5AC and MUC6 (Figure 2 ). This indicates that the decrease of CDX2 expression is consistent at the gland level, but not at the focus level, of incomplete IM.
The Expression of CDX2 in Normal Colon and Colon Cancer
CDX2 protein was strongly expressed in the nucleus of normal colon epithelial cells, from superficial to deeper glands. Two out of the five colon cancer cases tested showed loss or significantly decreased CDX2 expression compared with normal colon epithelium ( Figure 3 ).
The Expression of MUC2, MUC5AC, MUC6 and CDX2 in Gastric Dysplasia
The results were summarized in Table 2 . Goblet cells were seen either in or surrounding the dysplastic area in 28 biopsies out of 31 gastric dysplasia biopsies, suggesting the close relationship between gastric dysplasia and IM. MUC2 was expressed in the cytoplasm of goblet cells in 22 dysplasia biopsies. Gastric mucins, MUC5AC and MUC6 were positive in 16 dysplasia biopsies. The expression of Mucins decreased from incomplete IM to dysplasia, indicating less differentiation and maturation of the cells in dysplasia. Unlike the uniform expression pattern in each gland of IM, the expression of Mucins and CDX2 varies among cells in the same dysplastic gland (Figure 4 ). Each gastric gland is known to be of monoclonal origin. 35 Therefore, the mosaic patterns of the gastric and intestinal mucins within a single gland suggest that induction of gastric or intestinal phenotype is unstable at dysplasia and probably occurs after gland formation in dysplasia. The CDX2 expression in dysplasia (score 3.9) was further decreased compared with that in IM. Moreover, the CDX2 expression in highgrade dysplasia (score 2.75) was also significantly lower than that in low-grade dysplasia (score 5.13) (Po0.05). However, the expression of MUC2, MUC5AC and MUC6 in dysplasia was not associated with the grade of dysplasia and the CDX2 expression (P40.05).
Expression of MUC2, MUC5AC, MUC6 and CDX2 in Gastric Cancer
The results are summarized in Table 3 . MUC2 protein was expressed in 100% mucinous type of gastric cancer (6/6, score 7.1770.54) and was significantly higher than that in the intestinal type of gastric cancer (23/45, score 3.2470.49) (Po0.05). None of the mucinous types of gastric cancer were positive for MUC6 (0/6). This is in agreement with a previous study, that identified a unique expression pattern of mucins in the mucinous type of gastric cancer. 29 The CDX2 score of the gastric cancers with positive MUC2 expression was significantly higher than that of the gastric cancers with negative MUC2 expression (Po0.01 for intestinal-type gastric cancer and Po0.05 for diffuse-type gastric cancer). However, the CDX2 score of the gastric cancers with positive MUC5AC expression was significantly lower than that of the gastric cancers with negative MUC5AC expression (Po0.05 for both intestinal and diffuse-type gastric cancers). MUC6 also showed a similar trend as MUC5AC in gastric cancer, although the difference was statistically insignificant (P ¼ 0.054 for intestinal type and P ¼ 0.289 for diffuse type) (Figure 5a and b) . This indicates an inverse relationship between CDX2 expression and the expression of gastric mucins in gastric cancer, similar to the one in IM. Representative pictures are shown in Figure 6 .
Using MUC5AC and MUC6 as the markers of gastric differentiation and MUC2 as the marker of intestinal differentiation, the gastric cancers were classified into four categories: G type, positive for one or both gastric mucins (MUC5AC and MUC6) only; GI type, positive for intestinal mucin (MUC2) and at least one of the gastric mucins (MUC5AC and MUC6); I type, positive for intestinal mucin (MUC2) only; N type, none of the MUC2, MUC5AC and CDX2 decreases along gastric carcinogenesis Q Liu et al MUC6 are positive. 36 The 70 gastric cancer cases were classified into 20 cases of G type, 26 cases of GI type, 14 cases of I type and 10 cases of N type. The CDX2 score in I type of gastric cancer was the highest among the four groups, which is significantly higher than that in GI type of gastric cancer (Po0.05). The CDX2 score in GI type was also significantly higher than that in G type of gastric cancer (Po0.01) (Figure 5c ).
The Ki67 Expression in Normal Gastric Mucosa, IM and Gastric Cancer
Ki67-positive cells were found in the neck region of normal gastric mucosa. Ki67 was also expressed in some cells in deeper glands of IM, with no significant difference between complete IM and incomplete IM. The Ki67 index of cancer was not significantly associated with the clinicopathological data and the expression of MUC2, MUC5AC, MUC6 and CDX2.
Correlation of the Expression of CDX2 and Mucins with Clinicopathological Features
The age of the patients with intestinal type of gastric cancer (66.271.6) was significantly higher than that of the patients with diffuse type of gastric cancer (54.673.7) (Po0.01). There was no significant association between the expression of MUC2, MU-C5AC, MUC6 and CDX2 and the clinicopathological data, including age and sex.
Discussion
Unlike previous studies that showed the expression of CDX2 uniformly in nearly all IM foci, this study, demonstrated for the first time, that the expression of CDX2 is significantly decreased in incomplete IM, Figure 2 Immunohistochemistry staining of MUC2 (a), MUC5AC (b), MUC6 (c) and CDX2 (d) in a focus of mosaic IM. The CDX2 expression in the incomplete IM glands, which expressed both gastric mucins and intestinal mucin (the glands pointed by arrows) was significantly lower compared with other complete IM glands, which only expressed intestinal mucin.
CDX2 decreases along gastric carcinogenesis Q Liu et al which express both gastric and intestinal mucins compared with complete IM, which only express intestinal mucin. The difference between our results and those of others may be explained by the different antibodies and different staining protocols, including the lower concentration of anti-CDX2 antibody and shorter incubation time used in our studies. During the optimization of the CDX2 staining protocol, we found that several experimental procedures affected the final staining pattern. Higher concentrations of CDX2 antibody, excessive incubation of primary antibody or stronger antigen retrieval enhanced the CDX2 staining intensity in incomplete IM and thus diminished the difference between incomplete IM and complete IM (Data not shown).
Because mild expression of CDX2 is still observed in incomplete IM, which morphologically resembles the colon, we compared the CDX2 expression in incomplete IM with that in normal colon. CDX2 was strongly expressed in the epithelium of normal colonic mucosa and was much stronger than that in incomplete IM. Among the five colon cancer cases tested, two cases demonstrated loss or significant reduction of CDX2 protein in cancer, consistent with the previously reported tumorsuppressive role of CDX2 in colon. Considering that incomplete IM is associated with higher risk of gastric cancer than complete IM, the decrease of CDX2 in incomplete IM may be important in gastric carcinogenesis as it is in colon. Further reduction or loss of CDX2 in gastric dysplasia and gastric cancer support the tumor-suppressive role of CDX2 in IM as in the colon.
There seems to be an initial increase followed by the progressive decrease of CDX2 expression along Correa's cascade of gastric carcinogenesis (Figure 7 ). Various factors, such as Helicobacter pylori infection 37 and bile reflux, 38 could induce ectopical CDX2 expression in normal stomach, which leads to intestinalization. Gastric mucosa may become complete IM if CDX2 expression is sufficiently strong. In this case, cells would become terminally differentiated and lose malignancy. On the other hand, incomplete IM would be induced if CDX2 expression is not strong enough. Incomplete IM would be in an unstable intermediate state. The cells in some incomplete IM may not be able to terminally differentiate into either gastric or intestinal cells. These unstable cells may have greater risk for gastric cancer because relatively low CDX2 may lead to inadequate anticarcinogenic function. Anticarcinogenic function of CDX2 may be associated with its ability to induce terminal differentiation. It is often Figure 3 The CDX2 expression in colon cancer (b) was significantly decreased compared with that in normal colon (a). The tissues in A and B were from the same patient. CDX2 decreases along gastric carcinogenesis Q Liu et al observed that stronger CDX2 expression was associated with better differentiation of gastric cancer tissues [28] [29] [30] 32 and cell lines. 39 Further decrease of CDX2 in incomplete IM may lead to a less differentiated state and more instability. This scenario may explain the observed progressive decrease of CDX2 from incomplete IM to dysplasia to cancer.
Although we showed that the expression of CDX2 is progressively decreased in incomplete IM, gastric dysplasia and cancer, the mechanisms underlying the decrease are not clear yet. The mutation and rearrangements of CDX2 gene was shown to be infrequent in colon cancer. 40 Lorentz et al 41 showed that the activation of PKC pathway by RAS might be responsible for the downregulation of CDX2 expression in colon cancer. Recently, the CDX2 promoter methylation was implicated in the downregulation of CDX2 in gastric cancer patients 42 and colorectal cancer patients. 43 Further studies of the mechanisms of CDX2 downregulation in gastric carcinogenesis are needed.
Incomplete IM itself has inadequate predictive value as a marker for high risk of gastric cancer. It is possible that further loss of CDX2 in incomplete IM could be a key step that may precede the morphological change to dysplasia. Quantitation of CDX2 expression in incomplete IM may help to predict the risk of gastric cancer.
Although IM was more associated with intestinal type of gastric cancer than diffuse type, our study showed comparably high expression of MUC2 and CDX2 in diffuse type of gastric cancer as in intestinal type. This is consistent with previous studies that suggested that intestinal differentiation markers are not exclusive to intestinal type of gastric cancer and that diffuse type of gastric cancer also can have features of intestinal differentiation in a high proportion of cases. 26, 44 Whether intestinalization is also involved in the carcinogenesis of diffuse type of gastric cancer is not clear yet.
In summary, this study reported the significant decrease of CDX2 expression in incomplete IM compared with complete IM and normal colon, CDX2 decreases along gastric carcinogenesis Q Liu et al
